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Abstract 
Micro-channels of nanosized columnar tracks were 
planted by heavy-ion irradiation into superconducting 
microwave microstrip resonators that were patterned from 
YBa2Cu3O7-x thin films on LaAlO3 substrates.  Three 
different ion fluences were used, producing different 
column densities, with each fluence having a successively 
greater impact on the microwave nonlinearity of the 
device, as compared to a control sample.  Photoresponse 
images made with a 638 nm rastered laser beam revealed 
that the channel is a location of enhanced photoresponse 
and a hot spot for the generation of intermodulation 
distortion.  The microwave photoresponse technique was 
also advanced in this work by investigating the role of 
coupling strength on the distribution of photoresponse 
between inductive and resistive components.   
 
 1. Introduction 
Superconducting microwave 
transmission line resonators exhibit microwave 
nonlinearity which could be harnessed for low 
noise detection
1
, restrained for passive 
microwave filters
2
, and rendered purely 
inductive for quantum read-out devices
3
.  
Columnar defects in cuprate superconductors 
caused by heavy ion irradiation have been found 
to reduce nonlinearity by increasing the critical 
current density for the onset of nonlinearity
4
.  
Conforming the heavy ion radiation to the 
current distribution (e.g. using a larger dose 
where the current in the device is higher) even 
further suppresses the inductive nonlinearity, 
and the linear behavior persists to even higher 
current
5
.  Although columnar defects serve as 
pinning sites that arrest the motion of magnetic 
vortices
6
, a high density of such defects 
suppresses superconductivity which then 
manifests in a reduced local critical temperature 
TC.  When the heavy-ion beam is micro-
collimated, confined microchannel regions can 
be created
7
 where the local order parameter is 
reduced, opening up potential application to 
magnetic field sensors
8
 and THz detectors
9
.  
These high defect density channels exhibit an 
Submitted to SuST, 2014 
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enhanced nonlinear Meissner effect (NLME) 
and microwave devices incorporating these 
microchannels are highly nonlinear.  
In this work, a patterned 
superconducting transmission line resonator 
implanted with a microchannel was used in 
order to investigate the nonlinear 
electrodynamics of the microchannel.  Two 
effects of nonlinearity are (1) a microwave 
current dependent Q factor and resonant 
frequency
10
, and (2) frequency effects of the 
current leading to harmonic and intermodulation 
distortion (IMD)
11
.  These nonlinear effects 
have informed our understanding of 
superconducting electrodynamics.  But because 
these are global measurements which take an 
average across the sample, weighted by the 
current distribution, they give limited 
information when examining electrodynamics 
on a micron scale, especially in the vicinity of a 
microchannel. 
In order to address the limitation of 
global measurement, spatially resolved 
microwave measurements of superconductors 
gained interest beginning in the 1990s.  Using 
confocal resonators, spatial maps of the surface 
impedance
12
 have served as a useful diagnostic 
for developing large area high quality epitaxial 
superconducting thin films
13
.  Sheet resistance 
with resolution better than 100 m was 
measured using near-field microwave 
microscopy
14 , 15
.  Also, near field microwave 
microscopy using magnetic loop probes
16,17
 or a 
high resolution magnetic write-head
18
 and 
scanning three-tone excitation
19
 have been used 
to map harmonic generation and IMD, 
respectively, which increase as the nonlinearity 
scaling current density JNL decreases, a behavior 
understood to occur around microscopic 
material defects.   
The thermal, or bolometric, effect of 
laser light on superconducting thin films
20
 
initially motivated the use of photoresponse (PR) 
as a local probe of superconducting resonators 
by scanning across the transmission line
21
.  
More recently, the PR of the microwave 
conductivity was used for dimensional imaging 
of the local microwave current density in a 
superconductor as well as two dimensional 
images of the local IMD
22
.  The anisotropy in 
the nonlinear Meissner effect in d-wave cuprate 
superconductors was directly observed with 
such imaging
23
. 
In this paper, microchannels of columnar 
defects are introduced into YBCO microstrip 
microwave resonators by heavy ion irradiation.  
The microwave nonlinearity of the 
microchannels was examined first globally by Q 
measurement, but then locally by scanning IMD 
and PR.  The IMD scans reveal the location of 
IMD generation; whereas the PR scans indicate 
with very high resolution whether this 
nonlinearity is inductive or resistive.  We will 
see close correlation between the IMD and the 
PR, and evidence from PR that higher ion beam 
fluence results in elevated resistive nonlinearity 
in the channel, and that this higher resistive 
nonlinearity is a local source of the enhanced 
nonlinearity.  
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2.  Samples 
The samples were originally fabricated 
for use in commercial microwave filters for 
wireless base stations.  Thin films of 
YBa2Cu3O7-x (YBCO) sputtered onto both sides 
of a LaAlO3 substrate were patterned into the 
resonator in Figure 1 with 250 m linewidths.  
Photoresist was spin coated onto the 400 nm 
thick YBCO film, baked, exposed under a mask 
to UV light, and milled for approximately 40 
minutes with a 70 mA Ar ion beam.  After 
patterning, the wafer was annealed in O2 at 
500
o
C for one hour.  With one side unpatterned, 
the device was operated in a microstrip 
geometry.  The unpatterned ground-plane side 
was coated with gold so that the diced wafer 
could be indium soldered to a gold plated 
titanium carrier. 
A beam of 250 MeV Au
197
 ions was 
used to modify the transmission line.  By means 
of a stainless steel micro-collimator, a 55 m 
wide channel was created with a uniform 
distribution of ion-induced defects, which are 
mainly columns of amorphized material with 
nanometric cross-section forming along the ion 
track.  The channel material shows a slight 
topographic elevation from the rest of the film
24
 
due to strain induced by implantation of the ions 
into the substrate to a depth of about 13 m 
below the film surface.  Moreover, the columnar 
defects impose non-superconducting regions in 
the film, thus suppressing the carrier density in 
the channel.  The channel, seen in Figure 1, was 
located midway between the two ends of the 
transmission line.   
Three identical resonators, summarized 
in Table 1, were used in this study, each one 
exposed to a different Au ion fluence.  Sample 
1 was irradiated with a fluence of 5x10
11
 cm
-2
, 
corresponding to a dose equivalent field (the 
magnetic field that is required to fill each track 
with one flux quantum) of B=10T; Sample 2 
was irradiated with a fluence of 2.5x10
11
 cm
-2
 
(B=5T); Sample 3 (the control sample) was 
not exposed.  A fourth sample (Sample 4) was 
irradiated with a fluence of 7.5x10
11
 cm
-2
 
(B15T), which rendered the channel non-
 
Figure 1.  SEM micrograph of the 250 m linewidth resonator 
used in this experiment.  The close-up view was taken with a 
polarized light microscope and the channel formed by the ion 
beam is visible.  The light microscope photo at the bottom was 
pieced together from several images with dark regions showing 
the YBCO film while light regions show the exposed substrate.  
The entire structure from left to right is 4.5 mm long. 
 
Sample Fluence 
(cm
-1
) 
f (MHz) Qu 
1 5x10
11
 832.7 14,000 
2 2.5x10
11
 838.3 15,000 
3 0 838.5 12,500 
4 7.5x10
11
 NA NA 
Table 1.  Summary of the four samples used in this 
study indicating the Au ion beam fluence, the 
fundamental resonant frequency and its unloaded 
Q at 77 Kelvin and low microwave power. 
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superconducting, completely suppressing the 
fundamental resonance, though not the next 
resonance at 2.0 GHz.   
The fluences were high enough to 
produce a local decrease of the bulk critical 
current Jc as opposed to low-fluence 
experiments where columnar defects are used to 
improve JC
25
.  At these fluences the critical 
temperature TC is also reduced in the channel 
region, mainly due to secondary electrons 
affecting the regions around the amorphous 
columns and to irradiation induced strain in the 
substrate
24
.  Furthermore, the presence of the 
amorphous columnar defects reduces the 
volume of the film that actually supports 
superconductivity, resulting in local suppression 
of the carrier density in the channel which 
influences the NLME.  
Channels were previously shown to 
impact the fundamental resonance (first mode) 
of the line, but not the second mode
26
.  
Although superconductors typically respond 
nonlinearly to induced microwave current, the 
unloaded quality factor, Qu, of the fundamental 
mode of Sample 1 at 835 MHz, shown in Figure 
2, begins to respond at a power two orders of 
magnitude lower than the Q of the 2
nd
 resonant 
mode at 2.0 GHz, as gauged by a 25% increase 
in 1/Qu.  The fundamental, with peak current at 
the channel, is more dissipative at elevated RF 
current ( dP ) than the second mode is, 
which has no current at the channel.  An even 
more striking comparison is made between the 
fundamental of Sample 1 and the fundamental 
of the control Sample 3, which requires four 
orders of magnitude more power than Sample 1 
to induce a 25% increase in 1/Qu of its 
fundamental.  Qu is a macroscopic quantity 
sensitive only to a weighted average surface 
resistance of the entire sample, whereas TC is 
sensitive to the weakest portion.  However, 
given that the fundamental has peak current at 
the channel and the 2
nd
 mode has a current null 
at the channel, the contribution of the channel to 
dissipation is unmistakable.  As microwave 
current crosses the channel, it encounters a 
small region of both elevated dissipation and 
enhanced nonlinearity.   
 
3. Intermodulation Distortion (IMD) 
 IMD is more sensitive than Q to 
nonlinearity since IMD is detected at microwave 
currents several orders of magnitude below that 
where the Q begins to change.  IMD is usually a 
macroscopic measurement, revealing only the 
average nonlinearity of the device under test.  
Two methods have been used in this work for 
scanning the local IMD.  In the first method a 
 
Figure 2.  The inverse Qu, proportional to the average RS, for the 
first two resonant modes (835 MHz and 2,000 MHz) of Sample 1 
at 77K are shown and the first resonant mode of the control 
Sample 3.  The dashed lines show the dissipated power (HRF
2
) 
where 1/Qu has risen to 25% above the residual level given by 
the power law fit. 
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raster probe introduces non-resonant tones 
which generate IMD only at the probe’s location 
and allows for the measurement of the current at 
the IMD frequency
19
.  Another method, 
described in the next section, uses a laser 
scanning microscope (LSM) to provide a high 
resolution map of 3
rd
 order IMD
22
.     
In order to locally measure IMD, a 
signal at f1 far from resonance is introduced 
through a small probe which is scanned over the 
sample.  Because f1 does not excite resonance, 
near field current is induced only locally and the 
f1 signal does not propagate.  The inset in Figure 
3 shows a method-of-moments simulation of the 
current induced in a transmission line resonator 
by a probe carrying out-of-band power at 100 
kHz.  A signal f3 at the resonant frequency is 
introduced by a stationary input probe (labelled 
“in” in Figure 3).  The current in the resonant 
mode mixes with the out-of-band local probing 
current generating IMD at 2f3f1 only where 
there is probing current, e.g. within proximity of 
the raster probe.  The 3
rd
 order IMD at 2f3f1 is 
not in the resonant band and therefore does not 
propagate to the output probe.  This 
inconvenience is remedied by scanning with two 
out-of-band tones f1 and f2 closely spaced such 
that f2-f1<<f where f is the 3 dB bandwidth of 
the resonator.  Now, the third order IMD occurs 
at f3-(f2-f1), which is in-band of the resonator 
making the locally generated IMD a source of 
mode excitation. 
Electromagnetic field simulation, in this 
work using HFSS (Ansys, Inc., Canonsburg, PA, 
USA), is at the heart of converting the detected 
IMD power into the surface current density that 
generates the IMD, and is described in 
Reference [19].  Briefly, field simulation at 
resonance provides a current density profile K(ℓ) 
along the transmission line, such as shown in 
 
Figure 3.  (colour on-line) The Three-tone IMD measurement involves three loop probes.  The raster probe excites 
current which remains localized at the probe, as shown by the method-of-moments IE3D simulation of current 
density in the inset on the right.  The IMD output is measured with the fixed probe labelled "out".  Also shown is a 
simulation of the resonance mode current distribution, also done using IE3D.   
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Figure 3, computed for the convenient case of 1 
Watt of input power.  ℓ is a linear coordinate 
along the resonant line.  The dissipated power, 
which is easily computed from the loaded Q, 
and coupling coefficients
19
, versus measured 
output power is converted into a function 
K(Pout), where Pout is measured with the 
spectrum analyser at the resonance peak.  The 
surface current density that produces the 
measured IMD power is then determined by 
inserting the IMD output PIMD, instead of the 
carrier output Pout, into the function K(PIMD). 
When intrinsic effects such as the 
NLME and flux penetration dominate the 
nonlinearity, third order IMD, as well as third 
order harmonic distortion, will have a slope 
versus input power (in dBm) of 3
27 , 28
.  
References [27] and [28] examined this 
carefully in terms of induced currents and 
circulating power because (i) RF coupling into 
the nonlinear superconducting device changes 
with power, and (ii) JRF
2
 is not exactly 
proportional to input power.  This is true above 
a threshold input power where both the Q and 
the input/output coupling change.  Extrinsic 
mechanisms, such as weak links, result in a 
smaller slope
28
.   
In the case of three-tone IMD, only the 
one in-band signal power is swept and the 
expected slope for intrinsic nonlinearity is 1.  
With the probe over the channel in Figure 4a, 
the low power third order IMD has a slope of 
0.830.02 determined by fitting a power law 
model to the data and its uncertainties in Origin 
8.0 (OriginLab Corp, Northampton, MA, USA).  
Under the same conditions, the control sample 
has a somewhat larger slope of 0.940.03, 
suggesting that there is likely more extrinsic 
nonlinearity in the channel than in the as-grown 
film.  At higher power, the IMD of all samples 
reaches a peak and then drops as Q begins to 
decrease.  This peak occurs three orders of 
 
Figure 4.  3
rd
 order IMD results for Sample 1 (the 10 T sample) and the control sample at a reduced temperature of T/TC≈0.9.  
(a) The dependence of IMD (in dBm) on dissipated power (in dBm) below the power level where Q starts to change was fit to 
a line finding a slope of 0.830.02 for the IMD in the channel and 0.940.03 for the IMD in the control sample.  (b) The 
temperature dependence of the IMD surface current density in the channel exhibits a NLME peak considerably below TC. 
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magnitude higher in input power for Sample 3 
than for Sample 1.  IMD drops more 
dramatically at high power whenever the probe 
is over a hot spot in IMD
29
.  Above the power 
where Q begins to degrade, the channel’s IMD 
decreases with a slope of -1.80.1 compared to 
the control sample which has a smaller slope of 
-1.00.1 and is similar to the behavior seen in 
local third harmonic measurements of bulk 
niobium
30
.  A saturation and possible decline is 
also seen in harmonic balance simulation using 
the intrinsic nonlinearity of the NLME with a 
quadratic current dependence of resistance and 
inductance
31 , 32
 as well as in other forms of 
behavioral modelling
33
.  
The temperature dependence of the IMD 
was different for channelized resonators.  
Typically, there is a peak in nonlinearity just 
below TC, usually centered at t=T/TC≈0.97, 
which is consistent with the order parameter 
modulation of the NLME
28
.  The NLME IMD 
peak in Figure 4b occurs at about t≈0.92 for the 
channelized resonator.  There appears to be two 
critical temperatures one for the as-grown film 
and one for the channel about 5 Kelvin lower, a 
conclusion also reached with previous 
observations from the Q
26
. 
When the raster probe was scanned at a 
constant height across the segment of the 
transmission line containing the channel for all 
three samples, an IMD profile along this line 
revealed the precise location of the channel, 
along with other centres of nonlinearity such as 
the high current corners.  This is shown later, in 
Figure 10, where IMD profiles are compared to 
photoresponse profiles on the same samples.  
The IMD scan is sensitive to local 
nonlinearities
29
 which can occur around defects 
and may also reveal hot spots of nonlinearity not 
associated with defects, such as regions of time 
reversal symmetry breaking
34
. 
 
4.  Return Loss Photoresponse 
By raster scanning a modulated laser 
beam across the device under test (DUT), the 
microwave current in a superconducting 
resonators can be imaged using laser scanning 
microscopy
35
.  In this work, a 638 nm diode 
laser was deeply amplitude modulated using the 
reference of a lock-in amplifier (SRS 830 DSP 
Lock-in Amplifier) which was set to a 
modulation frequency fm in the range of 1 KHz 
to 100 kHz as shown in Figure 5.  To 
understand the purpose of the modulation it is 
helpful to consider the influence that the laser 
has on the sample in the absence of modulation.   
The DUT is excited with a single 
microwave loop probe.  The inset in Figure 5 
shows the S11 microwave frequency response of 
the device with an unmodulated 10 mW laser 
focused on the channel of Sample 2, and again 
with the laser turned off.  The shift in resonance 
is due to the photoresponse of the 
superconductor.  The change in RF diode 
voltage V due to the change in return loss S11 
is here referred to as the PR signal. 
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There are three difficulties in measuring 
S11: (1) the shift in S11 is small; (2) large 
amounts of both laser and microwave power are 
needed to make the shift measurable; and most 
importantly (3) the response is less localized 
than the laser beam spot size due to spreading of 
the heat into the material.  These three 
drawbacks are all addressed by modulating the 
laser intensity at fm using the reference source of 
the lock-in amplifier.  Because of the low fm the 
superconductor responds bolometrically, 
modulating the local kinetic inductance at fm
36
.  
(Bolometric response drops as 1/fm, however 
pair breaking also has weak PR which increases 
with fm.  Most data in this work were taken at 
fm=20 kHz where the bolometric response still 
dominates.)  S11(f) carries an oscillation at the 
modulation frequency and is available for 
measurement by the lock-in amplifier.  Though 
small, this oscillation is above the 2 nV 
sensitivity of the lock-in amplifier.  The 
sensitivity is sufficient for detection of PR with 
low laser power, low microwave power, or in 
parts of the device where the microwave current 
density is small.  Thus, a PR image of the entire 
DUT is feasible.   
 
Figure 5.   (colour on-line) The photoresponse measurement is divided into optical and microwave (or 
RF) portions.  Lock-in 2 provides the modulation tone from its reference, which carries through the 
laser output causing the sample’s microwave response to vibrate at fm.   Terminating the reflected 
microwave signal in the diode leaves the oscillation at fm intact where it is measured as PR by Lock-in 2.   
The photodiode receives reflected laser light and its output, also vibrating at fm, is detected by Lock-in 1.  
The DC output of the diode is proportional to the reflected microwave power and is measured by the 
computer through the DAQ.  The inset shows S11 with and without an unmodulated laser.  Extremely 
high microwave power was used to enhance the effect, hence the noticeable asymmetry. 
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PR resolution is limited by the thermal 
healing length and the laser beam diameter dbeam 
which is determined by the objective lens.  The 
separation between the sample and the objective 
lens was adjusted so that the beam waist was 
smallest at the sample.  Using information 
provided in Reference [37], the resolution is a 
quadrature sum 22  beamdR , where the 
thermal healing length in m of the sample is
mm ffck /1600/   , with thermal 
conductivity k≈10 W/(mK), specific heat 
c=580 J/(kgK), and mass density  =6,570 
kg/m
3
.   Using dbeam=15 m and fm=20,000 Hz, 
the PR image resolution is about 19m.  Lower 
fm improves sensitivity and degrades resolution 
since to first order PR increases with the area of 
the heated region. 
Before raster scanning, the microwave 
frequency dependence of the PR is measured 
with the laser beam held at a single location.  
This is done for two reasons: (1) to find the 
frequency of optimum PR; and (2) to identify 
the ratio of resistive to inductive contributions 
to the PR
37
 at that location.  Figure 6 (a and b) 
shows PR(f) with the laser beam above the 
channel of Sample 1 and (c) in the corner of the 
control sample.  The PR is divided into 
independent resistive
14,38 
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L
L
R
P
Q
Q
fS
fPR












)2/1(
2
1
)(
)(
2
, (1) 
inductive
14,38
  
laser
o
o
I
P
f
f
fS
fPR






2
)(
)( ,  (2) 
and dissipative “S-parameter” contrast38 
laser
o
o
S
P
fS
fS
fS
fPR






2
2
2
)(
)(
)(
)(   (3) 
components, where S is either S11 or S21 
depending on whether the measurement is 
transmission (S21) or reflection (S11)
39
.  fo is the 
resonant frequency.  The first factors in 
Equations (1) – (3) include the frequency 
dependence of the S-parameter, whereas the 
second factors indicate the effect of laser power 
Plaser on the resonator.  Resistive and S-
parameter PR correspond to resistive 
nonlinearity.  Inductive PR corresponds to a 
change in kinetic inductance and thus to 
inductive nonlinearity.  In the case of 
transmission, Zhuravel, et al.
38
 used 
   22221
2
21 1/41/
ˆ)(  oL ffQSfS  to derive 
expressions for PR(f) for each component.  For 
a qualitative understanding, these expressions 
are plotted in Figure 7 using loaded QL=10,000, 
insertion loss S21(fo)=1, and fo=835 MHz.  Only 
PRS is non-zero at resonance.  In most cases, 
especially at low RF power, our measured PR 
goes nearly to zero at resonance indicating that 
PRS does not contribute significantly to the 
photoresponse of these samples, at least at low 
power, and also providing a convenient way to 
find fo (e.g. that frequency where PR is zero). 
Attention needs to be paid to the sign of 
PRR.  In microwave reflection, the sign of 
)2/1(/
2
11 LQS   depends on whether the 
resonator is under- or over-coupled.  The 
following was concluded from simulation using 
Sonnet 13 (Sonnet Software, Inc., North 
Syracuse, NY, USA) of the “breathing” of a 
resonant peak when Qu is perturbed.  When the 
resonator is over-coupled, |S11| increases 
(becomes more reflective) as 1/(2QL) increases, 
and more power is sent to the RF diode.  So the 
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RF diode voltage is largest at the high point of 
the laser modulation cycle (when 1/(2QL) is 
highest) meaning that the PR is in-phase with 
the modulation, and therefore PRR>0 for over-
coupling.  The opposite is true for under-
coupling, in which case PRR<0.  Since the 
components of PR add, the symmetry of the PR 
in Figure 6 indicates the relative significance of 
inductive and resistive nonlinearity
37
 
The resistive PR in Figure 6b is positive 
in the 75 Kelvin frequency sweeps up to an 
input power of about +10 dBm, indicating 
overcoupling up to about +10 dBm.  Besides a 
large difference in magnitude, the shape of PR(f) 
over the channel of Sample 1 differs from the 
control sample.  At 75 K, the low microwave 
power PR of the channel is almost equally 
resistive and inductive (PRR/PRtotal≈0.4), with 
the resistive PR shrinking as microwave power 
increases.  At an input power of about +10 dBm 
the resistive PR crosses through zero and 
becomes negative for all higher power.  The 
reduction in PRR with increasing power is in 
fact an evolution from positive to negative PRR, 
with PRR=0 at critical coupling.  At 82K in 
Figure 6a the PR of Sample 1 is larger above 
resonance at all RF powers because so close to 
TC the resonator has a low Qu and is always 
under-coupled.  The PR of the control sample is 
predominantly inductive with PRR growing as 
input power increases.        
 
Figure 6. Return loss photoresponse frequency scans 
at (a) 82K and (b) 75K for Sample 1 (10T sample) on 
the channel at fm=20 kHz; (c) Sample 3 (Control 
Sample) at the corner at 75K.  Comparison of (b) and 
(c) reveals that whereas the control sample exhibits 
almost entirely inductive PR, the presence of the 
channel introduces significant resistive nonlinearity.  
This distinction is most striking at low power where 
both measurements were similarly overcoupled on the 
microwave path. 
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Figure 7.  Simulated shapes of the frequency 
dependence of the (top) inductive, (centre) resistive, 
and (bottom) S-Parameter photoresponse for an over-
coupled resonator.  PRR can be positive or negative 
depending on coupling. 
 Using the frequency scan to find the 
frequency for maximum PR, a fixed-frequency 
x-y scan was then performed.  This work 
focuses on the mid-region of the transmission 
line, half way along the line between the two 
ends, where microwave current is high and 
crowded around the corners.  Based on IMD, we 
expect: the PR in the channel to overwhelm the 
PR at the corners for Sample 1 and to be similar 
to the PR at the corners for Sample 2.  The PR 
should be highest in the corners of the control 
sample.  These expectations are consistent with 
Figure 8.  The photoresponse in the as-grown 
material of the control sample is predominantly 
inductive at 75 K.  PRI varies as AJRF
22 
where A is the area being heated, and  is the 
change in penetration depth due to that heating
38
.  
Assuming  to be uniform everywhere except in 
the channel, the PR outside the channel occurs 
where JRF is high.  The scans of all three 
samples clearly show the current crowding that 
is expected along the edges of microstrip 
conductors
40
, including higher PR along the 
interior edge than the exterior edge.  There may 
appear to be no PR at the corners of Sample 1, 
but the sensitivity needed for Figure 8 does not 
allow the corner PR to be viewed here.  In fact, 
as a point of reference, at 74 Kelvin with a 
microwave input power of -10 dBm and fm=20 
kHz, all three samples exhibit nearly the same 
PR signal level in the corner.   
Microchannels were previously shown to 
have larger  than the as-grown material26, 
leading to the expectation that the channel 
should have lower JRF due to less tightly 
crowded current.  However, with non-
superconducting regions uniformly distributed 
throughout the channel, the cross-section 
through which electron pairs flow is reduced.  
This combination of constricted 
 
Figure 8.  Two dimensional raster scans of the 
photoresponse on the three samples (a) Sample 1, (b) 
Sample 2, (c) Sample 3 (control sample), and, (d) 
reflectance image showing the sample, applicable to 
all three PR images, providing a guide to the PR 
image locations.  Temperature is 75K, RF power is  
-10 dBm, and fm=20 kHz.  Very strong photoresponse 
is seen in the channel of Sample 1.  Some PR occurs 
in the current crowded corners of Sample 2, which 
was less irradiated.  Each PR image has a different 
scale. 
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superconducting cross-section and larger  
results in elevated PRI inside the channel.  
The enhanced current sensitivity of RS results 
in extremely high PRR in the channel.  The 
reduced TC of samples with channels is 
consistent with the reduced pair density in 
the channel region.  Thus a clearer picture of 
the nature of the channels is revealed by 
photoresponse.   
 
5.  Photoresponse and Intermodulation 
Distortion Together 
Both PRR and PRI are well 
understood to depend on the square of the 
current density (PRI JRF
2
, and PRR 
RSJRF
2
 as a convolution of JRF
2
 with 
RS)
38
.  But nonlinearity is directly measured 
by distortion.  Locking onto the modulation 
frequency transmitted through the IMD should 
deliver a sharper image and also reveal centres 
of IMD generation within the sample
22
.  The PR 
carried through the IMD (IMD PR) depends on 
the variation with laser perturbation of surface 
resistance RS, , and the nonlinearity scaling 
current JNL.  Numerical simulation using the 
two-fluid model showed that JNL modulation is 
the strongest contributor to IMD PR
22
.   
Figure 9 shows a close-up image of the 
Sample 1 channel in ordinary PR and IMD PR 
at 82 Kelvin and -12 dBm.  The IMD PR was 
measured in the LSM by driving the sample 
with two signals at f1 and f2, both in the 
resonance band, and measuring the IMD at 2f2-f1.  
The IMD, captured from the analogue output of 
a spectrum analyser, carries a component at fm, 
which passes through the RF diode and is 
measured by the lock-in amplifier.  The sharper 
IMD PR image in Figure 9 indicates greater 
sensitivity of JNL to laser perturbation.  They 
also differ in how current crowding is revealed.  
The IMD PR is not nearly as lopsided from the 
lower JRF outer edge to the higher JRF inner edge 
of the transmission line.  The IMD PR in the 
channel is therefore dominated by JNL, and by 
neither  nor RS, which would be scaled by 
JRF
2
, resulting in a lopsided curve. 
The scanned IMD measured as in Figure 
3 can be compared to the PR.  Hot spots in IMD 
are expected to correspond to high JRF.  The 
raster probe was moved across each sample 
producing the local IMD profiles in Figure 10.  
The width of the IMD peak around the channel 
indicates the resolution of the loop probe, which 
has an approximately 400 m inner diameter.  
The solid curves in Figure 10 are the ordinary 
PR, a quantity that is proportional to JRF
2
. 
 
Figure 9.  (colour on-line) The ordinary photoresponse (PR) at 82 K 
of a single -12 dBm tone (left image) and the photoresponse (PRIMD) 
carried through the IMD (right image) of two -15 dBm tones.  The 
horizontal dashed lines indicate the edges of the transmission line.  
The dashed box at the top of the inset shows the region of the scans. 
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The channel is by far the strongest 
source of IMD in Samples 1 and 2.  In Sample 1, 
no IMD is detected at the corners within the 
available sensitivity, although there is PR there.  
The different power dependencies of the 
samples forced the use of different quiescent 
operating powers for the IMD scans.  Sample 1 
was tested at -20 dBm because at higher power 
the resonant peak was distorted.  The control 
sample was tested at 0 dBm, because at -20 
dBm its IMD was below the set-up sensitivity 
(<-133 dBm).  Having been exposed to lower 
ion beam fluence, the Sample 2 channel is less 
of a nonlinearity hot spot than is the Sample 1 
channel.  This is evident both in the Sample 2 
PR, where the channel PR is less overpowering, 
and in the IMD, where the IMD was strongest at 
the channel, though not confined there.  Because 
of the weaker channel in Sample 2, both the 
IMD and the PR could be measured at the 
corners.  One might expect that at higher RF 
power the IMD scan of Sample 1 will resemble 
Sample 2.  It does not because by -10 dBm the 
roll-over effect in Figure 4a is well underway in 
Sample 1. 
To the right of the Sample 1 channel, a 
secondary IMD peak was found which did not 
correspond to an elevation in PR and was also 
undetected in the IMD PR scan.  PR and IMD 
are both generated by current density.  But the 
IMD peak to the right of the channel is not 
 
Figure 10. (colour on-line)  (top) Sample 1; (centre) Sample 2; (bottom) control sample.   The image near the top shows 
the path of the line scan.  PR was measured around 75K for each sample.  IMD was measured around 80K.  Sample 1 was 
measured at -20 dBm, Sample 2 at -10 dBm, Sample 3 at 0 dBm.  The tallest peaks in the top and centre occur at the 
channel.  The outer peaks occur at the corners. 
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associated with any peak in current density 
detected by PR, which would be the case for a 
defect.  It is however repeatable upon thermal 
cycles, indicating that this region is susceptible 
to nonlinear excitation by the 100 kHz probe 
frequency.  Future investigation could employ a 
static magnetic field to examine Abrikosov 
fluxon motion in this and other hot spots. 
 
6. Conclusions 
In this work, progress was made in the 
measurement, understanding and control of 
microwave nonlinearity in superconducting 
resonators.  Nonlinearities, which are most often 
measured globally, were examined here locally 
both by scanning IMD probe and by LSM.  
Through scanning IMD, an engineered channel 
of columnar defects is a hot spot of 3
rd
 order 
nonlinearity. LSM examination reveals that the 
nonlinearity is highly resistive compared to the 
predominantly inductive as-grown film.  With a 
higher density of columnar defects in the 
microchannel, the superconductor is more 
photosensitive and the IMD is quantifiably 
higher at lower microwave excitation power.  
Despite the highly resistive nonlinearity of the 
defect channel, at critical coupling there is no 
resistive photoresponse and the resistive 
nonlinearity can thus be camouflaged, creating a 
device whose extreme nonlinearity manifests as 
purely inductive.  In the future, this outcome 
may serve as a way to realize inductively 
nonlinear circuit elements. 
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